The study of patients with semantic dementia, a variant of frontotemporal lobar degeneration, has emerged over the last two decades as an important lesion model for studying human semantic memory. Although it is well-known that semantic dementia is associated with temporal lobe degeneration, controversy remains over whether the semantic deficit is due to diffuse temporal lobe damage, damage to only a sub-region of the temporal lobe or even less severe damage elsewhere in the brain. The manner in which the right and left temporal lobes contribute to semantic knowledge is also not fully elucidated. In this study we used unbiased imaging analyses to correlate resting cerebral glucose metabolism and behavioural scores in tests of verbal and non-verbal semantic memory. In addition, a region of interest analysis was performed to evaluate the role of severely hypometabolic areas. The best, indeed the only, strong predictor of semantic scores across a set of 21 patients with frontotemporal lobar degeneration with semantic impairment was degree of hypometabolism in the anterior fusiform region subjacent to the head and body of the hippocampus. As hypometabolism in the patients' rostral fusiform was even more extreme than the abnormality in other regions with putative semantic relevance, such as the temporal poles, the significant fusiform correlations cannot be attributed to floor-level function in these other regions. More detailed analysis demonstrated more selective correlations: left anterior fusiform function predicted performance on two expressive verbal tasks, whereas right anterior fusiform metabolism predicted performance on a non-verbal test of associative semantic knowledge. This pattern was further supported by an additional behavioural study performed on a wider cohort of patients with semantic dementia, in which the patients with more extensive right-temporal atrophy (when matched on degree of naming deficit to a set of cases with more extensive left temporal atrophy) were significantly more impaired on the test of non-verbal semantics. Our preferred interpretation of this laterality effect involves differential strength of connectivity between different regions of a widespread semantic network in the human brain.
Introduction
Semantic memory refers to the declarative memory system that represents knowledge about objects, facts and word meanings (Levy et al., 2004) . Such knowledge is of course learned from specific experiences, but is then thought to be abstracted away from particular events or episodes, resulting in concepts that generalize to many different contexts. A first pair of shoes and a first teacher are individual exemplars that differ from person to person, but it is highly likely that most would give similar definitions of shoes and teachers.
A theory originating in the late 19th century behavioural neurology suggests that object concepts are defined by a variety of attributes, especially sensory and motor features (Broadbent, 1879; Lissauer and Jackson, 1988) . Recent neuroimaging and neuropsychological studies support this view by highlighting an association between certain brain areas and modality-specific aspects of conceptual knowledge. More precisely, it seems that most of the actual content of semantic memory for objects is represented in neural systems that overlap with, or even correspond to, brain regions necessary for perceiving and using those objects (Martin and Chao, 2001; Martin, 2007; Patterson, 2007 ; see also Martin et al., 1995) . This claim clearly implies (i) that conceptual knowledge is spread widely across the brain and (ii) that different classes of objects will recruit somewhat different components of this broad network. This proposal is again supported by functional neuroimaging. For example, experimental manipulations requiring access to knowledge about tools versus animals engage the lateral versus medial posterior fusiform gyri bilaterally (Martin et al., 1996; Chao et al., 2002; Martin, 2007) ; the posterior middle temporal gyrus, an area close to the alleged visual motor area in humans (V5 or MT), together with parietal and ventral premotor cortices, are activated when subjects view tools rather than other stimuli (Martin and Weisberg, 2003; Martin, 2007) ; retrieval of 'action semantic' knowledge (i.e. the knowledge of the action required to perform a movement or to wield an object) activates premotor and inferior parietal cortex (Chao and Martin, 2000; Kellenbach et al., 2003 Kellenbach et al., , 2005 Assmus et al., 2007; Canessa et al., 2008; Noppeney, 2008) and so on.
Crucially, there is evidence to suggest that these areas are not simply involved in sensory-related information processing, but represent genuinely conceptual knowledge. For example, when participants were asked about the auditory, tactile, gustatory or visual properties of objects, brain regions specific to the modality of the requested information were activated, even though the presentation modality of the stimuli did not change (Goldberg et al., 2006) .
Activation studies using functional MRI or H 2
15
O PET cannot, on their own, provide conclusive evidence regarding the neural basis of semantic knowledge (or any other cognitive ability), because they do not distinguish between activations critical for carrying out a task from those coincidentally involved in it. Therefore, the principal technique prior to the advent of functional imaging--the study of patients with focal brain lesions--remains a crucial source of evidence.
Most of the neuropsychological research on conceptual knowledge for different classes of object has been conducted on patients affected by stroke [usually in the left temporal lobe (Warrington and McCarthy, 1983) ], temporal pole excisions (Fukatsu et al., 1999) , herpes simplex virus encephalitis (Warrington and Shallice, 1984; Barbarotto et al., 1996; Gainotti, 1996) or temporal lobe tumours (Campanella et al., 2009) . The most fruitful lesion model for the study of semantic memory in recent years; however, has been the syndrome of semantic dementia, a variant of frontotemporal lobar degeneration characterized by rostral temporal atrophy (Mummery et al., 2000; Galton et al., 2001; Rosen et al., 2002; Davies et al., 2005; Bright et al., 2008) . Brain hypometabolism as measured by [ 18 F]2-fluoro-2-deoxy-D-glucose (FDG) PET, although more sensitive than structural imaging, identifies lesions in the same distribution (Diehl et al., 2004; Diehl-Schmid et al., 2006; Nestor et al., 2006; Desgranges et al., 2007; Drzezga et al., 2008) .
Whereas semantic deficits arising from aetiologies other than semantic dementia often seem to have some element of category or modality specificity, the loss of knowledge in semantic dementia appears to be distributed across all semantic domains and all modalities of stimulus and response. With a very few reported single-case exceptions (e.g. McCarthy and Warrington, 1988; Barbarotto et al., 1995) , patients with semantic dementia demonstrate no preserved 'islands' of knowledge as a function of modality or semantic category (Lambon Ralph et al., 1998 Ralph et al., , 1999 Bozeat et al., 2000 Bozeat et al., , 2003 Coccia et al., 2004; Luzzi et al., 2007; Patterson, 2007; Rami et al., 2007) . There are four main factors that determine the success of patients with semantic dementia on semantic tasks: stage of disease/deterioration plus three characteristics of the stimulus materials: (i) familiarity (high4low); (ii) typicality (high4low) and (iii) specificity (general4specific) (Rogers et al., 2004; Patterson, 2007) .
The across-the-board or amodal nature of the degraded semantic knowledge in semantic dementia, combined with the highly consistent pattern of rostral and inferior temporal lobe degeneration, has led to a hypothesis about the organization of semantic knowledge that might be called 'spoke-plus-hub' (Pobric et al., 2010; Pulvermü ller et al., 2010) . According to this hypothesis, the network of conceptual knowledge in the brain consists of two different types of component. The first is a number of different regions, each representing modality-specific content (e.g. an apple is round, crisp and sweet, grows on a tree, is called 'apple' in English and 'mela' in Italian, etc.); these regions form one end of all the 'spokes'. The second is a much more abstract set of representations that bring together all of the modality-specific information into coherent concepts: this is the 'hub' to which all spokes connect. The representations in the hub do not contain explicit content like an object's shape, size, type of movement or name. Instead they form a semantic similarity matrix in which conceptually similar objects, such as apples and bananas (which have very different shapes, textures, colours, names, etc.) have overlapping representations. According to this hypothesis, the hub is recruited for any task that requires interaction between the modality-specific regions or between perceptual and conceptual information. To name a seen object, for example, the appropriate visual representation must access the appropriate linguistic one. This communication requires the semantic hub. Because patients with semantic dementia are impaired in all tasks putatively requiring this hub, and because the patients all have relatively selective degeneration of the anterior/inferior temporal lobes bilaterally, this neuroanatomical region has been proposed to underpin the semantic hub.
Although semantic dementia invariably involves bilateral atrophy, there is often substantial asymmetry; in terms of presenting symptoms/complaints, the more frequent 'left-sided' semantic dementia is characterized by anomia and loss of word meaning (Hodges et al., 1992) , whereas reports suggest that 'right-sided' semantic dementia can present with prosopagnosia (Thompson et al., 2003; Snowden et al., 2004; Jefferies et al., 2008) followed by deficits in recognizing food and objects (Gorno-Tempini et al., 2004) . What are the implications of such reports for the part of the spoke-plus-hub hypothesis proposing a bilateral anterior-temporal network as the 'home' of the hub? The first important point to note is that a binary classification of 'left' or 'right' according to the side of greatest atrophy fails to take account of degree of contralateral damage. It is possible, for instance, that a subject with greater right than left atrophy, and hence labelled 'right-sided' semantic dementia, may have more left temporal lobe atrophy in absolute terms than a patient with 'left-sided' semantic dementia. Even aside from this confound, however, it must be admitted that the neural basis of the semantic deficit remains to be clearly delineated. Although it is well established that degeneration in semantic dementia involves the rostro-ventral temporal lobes, it is not yet clear whether this entire region, a particular sub-region of it or even less conspicuous damage to areas beyond this region are responsible for the observed deficits. In addition, the precise roles of the left and right temporal regions in semantic dementia certainly remain to be fully specified.
The current study aimed to address these questions by examining the neural correlates of verbal and non-verbal semantic measures in semantic dementia with FDG-PET, which is more sensitive than MRI in semantic dementia (Desgranges et al., 2007) . Composite semantic scores in semantic dementia have earlier been shown to correlate diffusely with temporal lobe atrophy (Williams et al., 2005) , but this result could have reflected a non-causal correlation in that both could be independent markers of advancing disease severity. Furthermore, creating a composite semantic score eliminates the chance to observe any materialspecific effects. Using an unbiased imaging analysis, our aims in this study were to determine (i) whether hypometabolism in any specific region(s) of the temporal lobe correlated with semantic measures and (ii) whether there was any convincing evidence for hemispheric specialization.
The core neuropsychological battery included three semantic tests: two designed to 'weight' expressive verbal semantic ability and one emphasizing non-verbal semantic competence. Scores on each of these three tests were related in simple regression analyses to the PET imaging results. To control for the risk of non-causal correlation arising from the fact that both cognitive scores and temporal lobes are deteriorating in patients with semantic dementia, we also regressed a non-semantic cognitive score (letter fluency) to the same set of images.
Secondly, it is possible that extreme hypometabolism in the most affected regions is indeed germane to the semantic impairment, yet might fail to correlate with semantic scores due to the floor effect of end-stage degeneration. For this reason, four regions of interest (ROI) were placed on the most severely atrophic areas in semantic dementia (the fusiform gyri bilaterally and the temporal poles bilaterally) and extracted metabolic values for these regions were then used in a stepwise regression. Four other regions were also drawn, as control regions, in areas allegedly not connected to semantic memory. The results of these imaging analyses led to a prediction regarding the classification of semantic dementia as 'right' or 'left', based on the side of maximum atrophy. This was tested in a second, purely behavioural analysis of 15 'right-sided' versus 15 'left-sided' patients with semantic dementia, the rationale and methods for which are described below.
Materials and methods

Imaging studies Imaging acquisition and processing
Volumetric MRI and fasting FDG-PET scans were acquired within two weeks of each other for all subjects. The T 1 -weighted structural acquisition consisted of a 3D, spoiled gradient echo sequence (echo time, 5 ms; recovery time, 19.1 ms; field of view, 25.6 Â 22.0 Â 18.0 cm; matrix size, 256 Â 256 Â 256), performed on a 3T Bruker MRI scanner (Bruker Medizin Technik GmbH, Karlsruhe, Germany). The PET data acquisition methodology has been described earlier (Nestor et al., 2003) . Briefly, dynamic PET data and arterial plasma samples were acquired for 55 min after injection of 74 MBq FDG and images were reconstructed using the PROMIS 3D filtered backprojection algorithm (Kinahan and Roger, 1989) , with corrections applied for dead time, randoms, normalization, scatter, attenuation and decay. The autoradiographic method was used to produce a map of glucose metabolic rate (CMRglu) from the realigned dynamic PET image sequence and plasma input function. For each subject, the CMRglu map was then co-registered to the corresponding structural image that had been preprocessed using skull-stripping and bias correction methods described earlier (Acosta-Cabronero et al., 2008; Pereira et al., 2010) . Since no 'gold standard' has been established for the normalization of CMRglu in patients with frontotemporal dementia (to minimize normal inter-individual variability in brain metabolism), we calculated glucose metabolism across all subjects in three reference regions typically used in Alzheimer's disease that are also thought to be unaffected in early stages of frontotemporal lobar dementia (i.e. cerebellum, vermis of cerebellum and Brodmann areas 1-4), and compared mean and standard deviation to that of the healthy control subjects. The sensory-motor region (Brodmann areas 1-4) returned the most similar results between patients and controls (semantic dementia = 34.16 AE 7.66; Controls = 35.19 AE 4.09 mmol/100g/min) and so was used as the reference for normalization.
The volumetric MRI scans and their matched normalized CMRglu maps were spatially normalized to the MNI152 standard space (Montreal Neurological Institute and Hospital, McGill University, Montreal, Canada) and segmented into grey matter, white matter and CSF in statistical parametric mapping 5, and then each warped normalized CMRglu map was smoothed with a 16 mm full-width at half-maximum isotropic Gaussian kernel. Statistical analysis involved comparison of normalized glucose metabolism between patients with frontotemporal lobar dementia and healthy volunteers to highlight lesion distribution. The regression analyses (both whole brain and ROI) of cognitive scores involved the semantic dementia group only (see sub-sections below).
Whole-brain statistical parametric mapping analysis compared with controls Subjects
A total of 38 subjects took part in the analysis: 21 with frontotemporal lobar degeneration and 17 healthy controls. The subjects with frontotemporal lobar dementia fulfilled published criteria for the diagnosis (Neary et al., 1998) . Within this group, 17 had a primary diagnosis of semantic dementia and four had a mixed syndrome of semantic impairment and behavioural change. The reason for inclusion of the latter was that, although they fall into the same frontotemporal lobar dementia pathological spectrum as semantic dementia, their semantic impairment was less severe and hence increased the variance in test performance for correlation purposes (see Table 1 for general demographic data of the frontotemporal lobar dementia group). Controls were screened to exclude neurological or major psychiatric illness and performed normally on a cognitive screening battery (Mathuranath et al., 2000) . The patient and control groups were matched for age and sex distribution.
Written informed consent was obtained from participants. The study was approved by the Local Regional Ethics Committee and the Administration of Radioactive Substances Advisory Committee, UK (ARSAC).
Whole-brain statistical parametric mapping regressions Subjects and tests
Semantic performance was assessed by three different tests: the two verbal tasks were (i) a 64-item picture naming test (Bozeat et al., 2000) and (ii) the sum of the correct words in three 1 min category fluency tests (for animals, fruits and birds). The non-verbal task was a test of associative knowledge in which subjects must indicate the picture from a four-choice array that is most semantically related to a target (Camel and Cactus test, Bozeat et al., 2000) . The non-semantic control test was letter fluency for three letters (F, A and S), scores are the sum of correct responses for all three letters.
Each of these behavioural measures was entered into a separate analysis, together with age as a nuisance variable. Statistical threshold was set at P (uncorrected) = 0.001.
Test performances were obtained in proximity of the FDG-PET scans, either before or after them. The average number of days between the FDG-PET measurement and the cognitive testing was 116.8 (standard deviation 88). Behavioural data collected more than 10 months after or before the imaging procedure were discarded and not entered into the analysis; for this reason, cognitive scores were not available for every test in all patients. More specifically, we regressed all 21 patients' scans against the 64-item picture naming test scores, 20 against the category fluency task scores, 18 against the Camel and Cactus test scores and 18 against the letter fluency task scores.
Region of interest analysis
In the ROI analysis, eight different regions (four known to be severely affected in semantic dementia and proposed as relevant to the semantic deficit, and four control regions) were manually traced on the coronal slices of the Colin-27 template (ch2, http://www.sph.sc .edu/comd/rorden/mricro.html). The putatively relevant regions were the anterior fusiform gyrus (left and right) and the temporal pole (left and right); the putatively irrelevant ones were the middle portion of the superior temporal gyrus (from y = -20 to 0, both on the left and on the right) and the inferior frontal gyrus (left and right) (see Fig. 1 for an anatomical definition of each ROI).
The ROIs were taken into standard space by applying the nonlinear transformation generated from warping the skull-stripped Colin-27 template (ch2bet in MRIcro) using statistical parametric mapping 5. To correct for partial volume error due to the limited resolution of the PET scanner (full width at half maximum $6.5 mm), the geometric transfer matrix partial volume correction method (Rousset et al., 1998) was implemented in MATLAB (Mathworks Inc., Natick, MA, USA). To facilitate this partial volume correction method, the manually delineated ROIs were combined with a set of standard space ROIs: grey matter, white matter, CSF, skull and extra-cranium. These ROIs, together with subject-specific grey matter, white matter and CSF segments, were used to produce partial volume correction CMRglu values for brain tissue in the manually delineated ROIs. The resulting values were then entered into five different stepwise regressions, each one with the score of a different test as the dependent variable. Briefly, by using this statistical procedure we (i) select the factor that best predicts the outcome variable and (ii) look for a second predictor using the criterion that it must have the largest semi-partial correlation with the outcome. Predictors were accepted into the model only when they reached the cut-off point for significance, which was set at 0.05.
Behavioural study Method
The results of the imaging studies (below) led to a prediction regarding cognitive performance when patients with semantic dementia are binarized into left4right versus left5right atrophy. The prediction was that if the two groups were matched in naming performance (as a surrogate measure of the degree of left temporal atrophy), then the right-predominant atrophy group would be disproportionately impaired on our measure of non-verbal semantics, Camel and Cactus test. (36) 14. Maximum possible scores are reported in brackets in the first column. Letter fluency = F, A and S; category fluency = Animals, Fruits and Birds; FTLD = frontotemporal lobar dementia; MMSE = mini-mental state examination.
Subjects
The database was searched for patients with semantic dementia with the less common profile of more severe right than left temporal atrophy; 15 such patients were identified that had completed the relevant tests. Fifteen patients with semantic dementia from the same database--completely independent of the imaging study--with more left than right atrophy were then selected who were matched for naming scores to the right-predominant group (F = -0,12, P = 0.829).
The two groups' performance on the Camel and Cactus test was then contrasted to test the prediction.
Results
Distribution of hypometabolism
The comparison between normalized CMRglu in the semantic dementia group and the control group is shown in Fig. 2 at a threshold of 0.01 corrected for multiple comparisons (Familywise Error). The semantic dementia group showed marked hypometabolism of the left ventro-rostral temporal lobe (T = 14.62), with a similar but less extensive pattern in the same regions of the right temporal lobe (T = 11.03). On the left side, moving caudally from the severely hypometabolic temporal pole, all temporal regions--back to y = -30--were involved except for the superior temporal gyrus. Caudal to this point, the hypometabolism was restricted to the fusiform gyrus, including Brodmann area 20/36. Moving rostrally from the left temporal pole, the area of abnormality extended slightly into the left orbitofrontal cortex (subcallosal gyrus, Brodmann area 25). A small, significant decrease in hypometabolism was also detected in the left (Brodmann area 6; T = 6.06) and right (Brodmann area 6; T = 6.30) supplementary motor areas. On the right side, there was severe involvement of the anterior temporal lobe extending back to y = -12; caudal to this point, the inferior temporal gyrus and the fusiform gyrus were the only affected areas (Brodmann area 20/36).
Whole-brain semantic regressions
The correlation analyses were run introducing age as a covariate of non-interest. All the analyses yielded focal clusters located in the inferior temporal lobe. At the uncorrected threshold of P50.001, both verbal semantic tasks (64-item picture naming test; T = 6.89; k = 3454 and category fluency; T = 6.74, k = 3638) correlated with clusters in the left fusiform and left parahippocampal gyrus (Brodmann area 20/36, Fig. 3 ). Regression with visual associative semantics (the Camel and Cactus test) yielded a significant correlation (P uncorrected = 0.001) with the right fusiform gyrus (T = 4.43, k = 352), as well as a small area of left motor cortex (T = 4.27; k = 76) and a minute cluster in left parahippocampal gyrus (T = 3.88; k = 18, Fig. 4) . To explore the correlation with the left motor cortex, we split the test items into living things (animals, fruits and birds; 32 stimuli) and manmade objects (tools, vehicles and household; 32 stimuli), on the grounds that semantic information related to different categories of objects could be supported in different areas. Although the obvious prediction is that motor cortex might be more correlated with manmade objects, there was no support for this. In fact, only the living things subset weakly correlated with the motor cortex (T = 3.64; k = 225). No correlations were found with the control task (letter fluency), even at a reduced threshold of P50.005 uncorrected.
Region of interest analysis
Consistent with the statistical parametric mapping analysis, the semantic dementia group showed severe hypometabolism Table 2) . The eight partial volume-corrected ROIs were entered in five different stepwise regressions and the results are listed in Table 3 . The left anterior fusiform gyrus was the only predictive variable that could be entered into the model to account for performance in either verbal task (picture naming test, F = 8.986, P = 0.007; category fluency test F = 11.601, P = 0.003). The only factor to account for performance in the visual semantic task was the right anterior fusiform gyrus (F = 11.496, P = 0.004).
None of the eight ROIs could be entered into a model to account for performance in the control task (letter fluency) as none of them reached the set threshold.
Raw correlations between semantic memory test scores and partial volume-corrected glucose metabolism values are listed in Table 4 for the four ROIs proposed as relevant to the semantic deficits. Significant correlations (P50.05) were found between the left fusiform gyrus and both picture naming and category fluency tests (respectively, R = 0.619 and 0.584). The right fusiform normalized CMRglu, by contrast, correlated significantly only with the Camel and Cactus test score (R = 0.660). There was no significant correlation between the temporal poles and any semantic knowledge measure. Performance in the letter fluency task did not correlate with normalized CMRglu in any ROIs. Intercorrelations between measures of semantic knowledge are listed separately in Table 5 ; a high degree of intercorrelation was found amongst semantic tests, but not between letter fluency and the other semantic tasks.
Behavioural study of right versus left semantic dementia cases
When the semantic dementia groups with right and left predominant atrophy, matched for naming performance, were compared on the non-verbal semantics task (Camel and Cactus test), the results upheld the prediction. The group with more severe atrophy on the right had significantly lower Camel and Cactus test scores than their counterparts whose atrophy was more extensive on the left (F = 2.911, P = 0.007, Fig. 5 ).
Discussion
This study addressed the neuroanatomical basis of semantic memory using the lesion model of semantic dementia. Performance on two expressive verbal semantic tests (picture naming and category fluency) versus a receptive non-verbal semantic task (a picture-based test of associative semantics) correlated selectively with homologous regions in the rostral left and right temporal lobe respectively-specifically the fusiform region subjacent to the head and body of the hippocampus. The objective of the ROI analysis was to examine whether a more distributed (and possibly bilateral) temporal lobe network, although failing to survive the statistical cut-off in the statistical parametric mapping analysis, might still have contributed to variance in task performance. The results of the regressions with ROI metabolism did not, however, support this hypothesis but instead revealed the same pattern as the statistical parametric mapping analyses: degree of hypometabolism in the isolated left anterior fusiform gyrus provided the best account of impairment on the two expressive verbal semantic tasks, and isolated right anterior fusiform hypometabolism was the best explanatory model of receptive non-verbal semantic impairment. This pattern of hemispheric specialization was supported by a second behavioural study, showing that patients with semantic dementia with rightleft atrophy had disproportionate impairment of receptive non-verbal semantics when matched for naming ability to a group with left4right atrophy. A striking feature of the present results was the degree of homology between the two hemispheres in terms of the locus of correlation for verbal and non-verbal tests. For both modalities this involved the anterior fusiform gyrus (y = 26 and -10, respectively), albeit on opposite sides. A similar pattern was recently described in a study that used distortion-corrected functional MRI to investigate semantic categorization in normal subjects (Visser et al., 2010a) . It is also important to emphasize that scores on the non-semantic control task (letter fluency)-for which there was certainly a large enough range of scores to produce an effect-yielded no significant correlations. This argues strongly against the otherwise plausible interpretation that correlations between fusiform hypometabolism and semantic scores might simply represent a coincidental correlation in which more advanced disease engenders both greater regional atrophy and poorer task performance.
It is worth highlighting that the ROI analysis did not uncover any correlation between semantic scores and reduced metabolism in classic language areas (e.g. superior temporal gyrus, see Wise et al., 2001) . The degree of semantic deficit, even on expressive verbal tasks, was only related to malfunction of the fusiform/ parahippocampal gyri. These results, which are also in accordance with post-mortem correlational studies between atrophy and semantic scores (Yamamoto et al., 2009) , support the view that the language impairment in semantic dementia is a natural consequence of the central, amodal semantic deficit rather than anything explicitly linguistic in nature (Adlam et al., 2006; Patterson et al., 2007) .
The correlation between scores on the Camel and Cactus test and cerebral metabolism in the left motor and premotor area does not lend itself to an unambiguous interpretation. The possibility that this might reflect a partial correlation with a subset of the test items--namely, the manmade things--was unsupported by splitting the Camel and Cactus test score into its component parts (responses to living versus manmade items). If anything, the correlation between the Camel and Cactus test and motor cortex was driven by living things, though it should be noted that the cluster extent of this correlation was very small, occurred in an area that was not hypometabolic compared with controls, and for which there was no prior hypothesis. As such, a Type 1 error is the most likely explanation.
A second unexpected finding was the absence of correlations between semantic scores and hypometabolism in the temporal poles. One possible explanation, of course, is a floor effect: the temporal poles are highly relevant to semantic memory but cannot yield significant correlations with semantic scores because metabolism is already maximally reduced in this region. This interpretation was not supported by the data for two reasons: (i) the anterior fusiform gyri were at least as hypometabolic as the temporal poles and (ii) the best explanatory model for the behavioural data resulted from regressions using the fusiform ROIs alone. The spoke-plus-hub model of semantic memory has used 'temporal pole' as a shorthand term for the rostral temporal lobe damage thought to correspond to the hub (Patterson, 2007) . It should be noted, however, that earlier studies in semantic dementia (Davies et al., 2004 (Davies et al., , 2009 ) have highlighted both the temporal pole and the rostral-ventral temporal lobe (designated 'peri-rhinal' cortex) as being the maximal sites of atrophy. The present results strongly implicate damage to a localized ventral area, but not to the pole. To the extent that one can draw firm conclusions from a single study, it now seems more likely that the 'hub' for general, amodal Letter fluency intercorrelations are also included as a marker of 'non-specific' correlation due to disease severity. a These correlations are significant at P50.05. semantic concepts should be placed in the rostral fusiform gyrus, subjacent to the hippocampal head. It is however important to note that the current study only required retrieval of semantic information at the basic, not the specific level. Research focused on the neural basis for more specific conceptual knowledge, such as naming individual people or famous buildings, does in fact point to a vital role for the temporal poles (Ellis et al., 1989; Damasio et al., 1996; Papagno and Capitani, 1998; Grabowski et al., 2001; Thompson et al., 2003) . In other words, the more unique the information, the more rostrally it would be supported in the temporal lobe (Damasio et al., 2004; Tranel, 2006) . This hypothesis could be tested in semantic dementia by contrasting the imaging correlates of knowledge for basic-level versus unique entities. This has already been done in a functional imaging study with normal participants , which produced a somewhat more lateral anterior temporal 'answer', with the peak for the subtraction of specific-level knowledge minus basic-and general-level knowledge having the coordinates x = -50, y = 8, z = -22. Another approach to this same question compared basic-and general-level naming and reported that both conditions activated the posterior fusiform gyrus bilaterally, but that the finer-grained knowledge required for basic-over general-domain naming also recruited a more antero-medial temporal region on the left . Activation studies with normal participants have suggested that the fusiform gyri, which are anatomically located at the end of the 'visual ventral stream', are involved in visual semantic processing (Martin et al., 1996; Martin and Chao, 2001; Simons et al., 2003; Pins et al., 2004; Rossion et al., 2004; Sabsevitz et al., 2005) . In contrast to the present findings, however, the activations are typically more caudal (y = -41 in Martin et al., 2001 ; y = -54/-60 in Simons et al., 2003) . A methodological concern with functional MRI studies, though, is that activation of the most rostral fusiform gyri (and the temporal poles) might be missed because of susceptibility artefacts, especially in protocols with long echo time carried out in high magnetic fields (Ojemann et al., 1997; Krü ger et al., 2001; Gorno-Tempini et al., 2002; Visser et al., 2010b) . In two extensive reviews, Cabeza and Nyberg (2000) and Visser et al. (2010b) have noted that functional MRI studies rarely report activations in the most rostral areas of the temporal lobe, whereas this is a common finding in PET activation studies that do not have this confound (see Devlin et al., 2000; Bright et al., 2004; Rogers et al., 2006) . A recent multi-method study, however, used distortion-corrected functional MRI as well as repetitive trans-cranial magnetic stimulation in normal subjects and found converging evidence for a critical role of the anterior fusiform and inferior temporal gyri (as well as superior temporal sulcus) in a task requiring semantic judgements (Binney et al., 2010) . Data from other studies (i.e. patient surface electrode studies and PET studies in patients with temporal lobe infarcts) also suggest that the basal anterior temporal lobe (referred to as the 'basal temporal language area') should not only be thought of as a higher-order visual object region, but as part of a system deeply involved in semantic processing (Burnstine et al., 1990; Sharp et al., 2004) .
It is worth noting that the areas identified in this study include the human homologue of the area referred to as peri-rhinal cortex in animal research (Insausti et al., 1998) . In non-human primates, the rhinal cortex (comprising the entorhinal and the peri-rhinal cortex) is a region surrounding the rhinal fissure, located in the medial temporal lobes subjacent to the hippocampi (Nakamura and Kubota, 1996) . Accruing evidence suggests that it plays a key role in the formation of long-term memories, in the retention of information across time delays and, crucially, in the representations of complex conjunctions of features (Nakamura and Kubota, 1996; Murray and Richmond, 2001; Bussey et al., 2006; Saksida et al., 2006) . Furthermore, a connectionist model developed and tested by Bussey and Saksida (2002) supports the idea that simple features of objects are stored separately in caudal regions of the ventral visual stream, whereas representations of their conjunctions are stored ('bound together') in more rostral regions (i.e. the peri-rhinal cortex; Bussey and Saksida, 2002) . This role is analogous to that carried out by the alleged semantic 'hub', as hypothesized by Patterson et al. (2007) ; it is therefore conceivable that this region might serve to integrate simple features from multiple modalities into more general, amodal concepts (Moss et al., 2005; Barense et al., 2007) .
Finally, we turn to the findings regarding left versus right rostral fusiform gyri. There is one simple and readily available interpretation, which would fit generally with decades of research in behavioural neurology and neuropsychology and even more specifically with some aspects of data from semantic dementia itself: the left hemisphere is specialized for language processing and the right hemisphere for visual object and face processing. Our preferred explanation, which does not deny this basic assumption, is slightly more complex. The rostral temporal lobe pathology in semantic dementia is always bilateral, albeit often highly asymmetrical at least in the early stages of the disease. In addition, the semantic deficit in semantic dementia invariably applies to both verbal and non-verbal modalities of both stimulus and response, especially if the patients are assessed with sufficiently sensitive test materials (particularly less familiar words/objects: see Adlam et al., 2006) . For these reasons, the spoke-plus-hub hypothesis about semantic memory, which has been significantly informed by results from semantic dementia, makes the following three-part proposal about contributions of the two hemispheres to semantic memory: (i) Many of the modality-specific components of the widespread semantic network will have stronger representation in one or other hemisphere. Two important examples in point are (a) verbal representations required for speaking words, naming things and people, etc: these are almost certainly lateralized to the left hemisphere of the average brain and (b) processes involved in face recognition, which are probably most strongly represented around the right hemisphere fusiform face area. (ii) The modality-invariant representations in the semantic hub are distributed across the left and right rostral temporal regions, possibly without any strong lateralization according to the type of information or processing. (iii) Because the essence of semantic processing is communication between modality-specific regions and the hub, connections within this network (the 'spokes') play an essential role. Given that the vast majority of cortico-cortical connections in the brain are within rather than across hemispheres, the hub will function as if its two hemispheric parts were somewhat specialized for different modalities. Let us take those clear-cut examples again. First of all, although the 'concept' of a radiator or a buffalo will be distributed across left and right rostral temporal lobes, naming either of these concepts will rely more heavily on the left part of this conceptual network simply because the representations needed to say 'radiator' or 'buffalo' are on the left side and much stronger connections between hub and speech will have developed on the left. Secondly, although semantic knowledge of Baroness Margaret Thatcher or Dame Judi Dench will likewise be distributed across left and right rostral temporal lobes, the ability to identify two different photographs of either as 'the same person' will rely more on the right part of this network because of stronger connections between this region and the specialized face-recognition processes in the posterior right temporal lobe.
These proposals were instantiated in a connectionist model of semantics and naming that implemented differentially strong connectivity from the two sides of a bilateral semantic system to a unilateral speech production system (Lambon . After training and 'lesioning' of the model, irrespective of degree of overall damage to the undifferentiated semantic units, the model's naming performance was more impaired if the simulated damage had an asymmetric left4right distribution. A similar explanation was adduced for findings from a study of semantic dementia by Ikeda et al. (2006) , in which patients with semantic dementia with right4left temporal atrophy were more impaired than their left4right counterparts on a delayed visual object recognition task that involved no naming or speech. In the current study, performance on the two expressive verbal semantic tasks correlated only with left anterior-fusiform metabolism, and performance on the receptive non-verbal test correlated only with metabolism in the right rostral fusiform gyrus; but instead of indicating differences between verbal versus non-verbal central semantic knowledge, this pattern could be explained by hemispheric processing differences further back in the temporal lobe combined with differential connection strength.
In conclusion, the answer to the question in the title of this article, what the left and right anterior fusiform gyri tell us about semantic memory, is two fold. First of all, with perhaps the largest data set ever recorded of regional metabolic measures in patients with semantic dementia, the results suggest that the most rostral portions of the fusiform gyri, just beneath the head/ body of the hippocampi, constitute a crucial part of the human brain's semantic network. The degree of hypometabolism in this specific region provided the strongest, indeed the only, predictor of performance of patients with semantic dementia on three semantic tests as standard: object naming, category fluency and non-verbal associative semantic knowledge. Secondly, at a more precise level of description, the left rostral fusiform predicted scores on the two expressive verbal tasks, and the right rostral fusiform correlated with success on the receptive non-verbal object semantic task. This outcome might imply a simple left = verbal and right = non-verbal dichotomy, though we prefer and have outlined above a more complex story involving strength of connectivity between different components of the widespread semantic network. Semantic dementia is invariably, eventually, associated with bilateral inferior temporal lobe damage (e.g. Nestor et al., 2006) . The current results would suggest, however, that if one studies cases at the extremes of the spectrum of asymmetry, then something resembling relatively modality-specific syndromes can appear-preferential verbal semantic deficits with extremely left lateralized damage (Mesulam et al., 2009 ) and preferential visual semantic deficits such as prosopagnosia (Snowden et al., 2004) with extreme right lateralized damage. From a disease, rather than syndromic, perspective, we would propose that these examples form a continuum in which the majority of patients with semantic dementia fall between these two extremes. 
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